Evaluation of genetic diversity within wild populations is an essential process for improvement and domestication of new crop species. This process involves evaluation of population structure and individual accessions based on genetic markers, growth habits, and geographic collection area. In this study, accessions of field pennycress were analyzed to identify population structure and variation in germplasm available for breeding. A total of 9157 genome-wide single nucleotide polymorphisms (SNPs) were identified among the 121 accessions analyzed, and linkage disequilibrium based pruning resulted in 3497 SNPs. Bayesian cluster analysis was implemented in STRUCTURE v2.3.4 to identify four population groups. These groups were confirmed based on principal components analysis and geographic origins. Pairwise diversity among accessions was evaluated and revealed considerable genetic variation. Notably, a subset of accessions from Armenia with exceptional genetic variation was identified. This survey is the first to report significant genetic diversity among pennycress accessions and explain some of the phenotypic differences previously observed in the germplasm. Understanding variation in pennycress accessions will be a crucial step for selection, breeding, and domestication of a new cash cover crop for cold climates.
Introduction
Thlaspi arvense L., also known as field pennycress, is a promising species for domestication as a cash cover crop that produces a biofuel feedstock [1] [2] [3] . As a winter annual, it can be integrated into the fallow periods of traditional cropping systems in the U.S. Midwest [4, 5] . Pennycress is extremely winter hardy in natural settings (−30 • C) [6] , therefore, the species is an excellent candidate for a fall planted cover crop. It provides a protective soil cover over the winter and spring, and reduces soil erosion and nutrient loss, while also suppressing spring weed growth [4, 5, 7] . In addition, it acts as a food source for pollinators in the early spring [8] . Pennycress is harvested in May or June in the Upper Midwest with some reported yields above 2240 kg ha −1 [3] . Following pennycress harvest, summer annuals can be planted, resulting in a double crop system that increases total seed yields while also providing ecosystem services [5, 9] . Wild pennycress produces seed containing 30-35% oil with a fatty acid profile amenable to producing biofuels meeting the U.S. Renewable Fuels Standard [10] [11] [12] . Efforts to convert pennycress oil and protein meal into edible products with higher value are underway and will increase the profitability of this crop for growers [13] [14] [15] .
Pennycress is native to Eurasia and has been naturalized on most continents [6] , resulting in opportunities for genetic and phenotypic diversification. It is a diploid member of the Brassicaceae family with a haploid number of seven chromosomes (2n = 14) and has a small genome size of 539 Mb [16] . Pennycress is predominately self-pollinating [1] . It is closely related to the Brassica species rapeseed (Brassica rapa and Brassica napus L.), camelina (Camelina sativa L.), and the model plant Arabidopsis thaliana [1] . A transcriptome and draft genome have been developed for pennycress [16, 17] and a recent report has confirmed one-to-one gene correspondence between pennycress and Arabidopsis [2] .
While genetic diversity and population structure have been evaluated in related crop species including rapeseed and camelina [18, 19] , few evaluations of natural pennycress germplasm have been completed. Forty-one pennycress accessions were evaluated for variation in seed size and fatty acid profile, but no genetic analysis was completed [20] . Several limited genetic analyses of pennycress germplasm have been completed, including an evaluation of allelic diversity of the FLOWERING LOCUS C (FLC) locus in 35 spring annual pennycress accessions [21] and the genetic diversity of 19 Chinese pennycress populations using three chloroplast and one nuclear DNA genes [22] . Thus far, pennycress breeding has focused on the use of mutagenesis and genome editing to manipulate specific traits of interest for pennycress domestication [2, 13, 14, 23] . However, these breeding methods restrict the researcher to a genetic base of limited accessions. This may impede the identification of desirable traits in natural germplasm and slow the long-term progress of breeding programs. Worse, the use of a limited genetic base may create a bottleneck that results in the loss of important traits and hinders the adoption of pennycress as a crop.
New genomic technologies such as genome-wide sequencing allow plant breeders to approach crop domestication in a guided manner without risking genetic bottlenecks common in crops such as soybean, wheat, and barley [24] [25] [26] . As a new crop undergoing selection for domestication, wild accessions of pennycress are important resources for environmental adaptation, agronomic improvements, and allelic diversity. However, selection for domestication traits and improved agronomic characteristics based on phenotypes alone could result in rapid loss of genetic diversity, thus reducing the potential for future selection of traits such as biotic resistance, abiotic tolerance, or end use quality. It is not known how wide the pennycress gene pool represented in collected accessions is, or if further expansion of this pool is needed. It is also unknown if population structure in the collections is present or related to geographic distribution. Knowledge of population structure could benefit new pennycress breeding and domestication programs. For example, allelic variants conferring selective advantages to pennycress in its native Eurasian range may not be present in the naturalized North American populations. Consequently, the objective of this study was to utilize high-density SNP genotyping to evaluate genome-wide genetic diversity and population structure in the pennycress accessions available in the USDA-ARS National Plant Germplasm System and accessions collected by pennycress breeding programs in the Midwest USA.
Materials and Methods

Plant Material and DNA Isolation
One hundred and nineteen pennycress accessions including both winter and spring annual growth habits were analyzed (Table S1 ). Winter annual pennycress accessions require a cold period of approximately 4 • C for 21 days to flower, while spring annual accessions require no cold treatment to induce flowering [1, 27] . Seventy-two accessions were retrieved from the collections of the USDA-ARS North Central Regional Plant Introduction Station in Ames, Iowa, 40 accessions were collected by University of Minnesota researchers, and seven were contributed by Dr. John Sedbrook from Illinois State University. These accessions represent pennycress populations across the Caucasus region, Europe, the U.S., and Canada. Collection protocol at the site of origin for each accession varied. Some collections were made by pooling seeds from multiple plants in a single location, while other accessions were maintained as separate collections of seeds from nearby plants. To reduce heterogeneity and prepare accessions for use as inbred lines in a breeding program, each accession was inbred by single seed descent for one to two generations prior to tissue collection. Duplicate single seed descent lines were maintained of accessions Ames32757 and Ames32239. Both replicates were tested in this study and considered as separate accessions in the analysis because the level of heterogeneity in pennycress accessions was unknown. This brought the total number of sequenced lines to 121. All accessions were similar morphologically and matched the physiological description of Thlaspi arvense in both field trials and growth chamber evaluations. One accession from Armenia was observed to exhibit larger flowers and partial sterility (approximately 25% non-fertile pods with 1-2 seeds per fertile pod) in a field grow out, and the phenotype was seen in subsequent generations grown in a growth chamber. A single plant representing each accession was grown in a growth chamber, and approximately 500 mg of fresh tissue was collected, immediately frozen in liquid nitrogen, and stored at −80 • C. DNA extraction was performed using a Qiagen DNeasy Plant mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions.
Genotyping and SNP Identification
After DNA extraction, genotyping-by-sequencing (GBS) [28] was performed by BGI (Hong Kong, China). Each sample was digested with ApeKI, barcoded, and sequenced on four Illumina HiSeq2500 single-end 100 base pair lanes generating 457 million reads. Raw reads obtained from the sequencer were de-multiplexed based on the barcode information and aligned to the draft pennycress genome using bwa v0.7.17-r1188 [29] . Sequence aligned files were processed through SAMtools v1.9 and Picard tools v1.83 [30] to sort the files and add read group identifiers. Variants were called using GATK haplotype caller v3.3 [31] . A total of 81,034 SNPs were identified among the accessions analyzed. Many of the lines had heterozygous SNPs, which could be a result of collapsed assembly in the draft pennycress genome. Therefore, we removed heterozygous sites and retained the SNPs present in all sequenced samples using Tassel 5.2.50 [32] . SNPs were further pruned based on linkage disequilibrium using Plink v1.8 [33] and the criteria-indep-pairwise 100 5 0.2. All analysis was performed using the LD pruned SNP panel, which is available in Table S2 .
Analysis of Genetic Structure
The number of differentiated population groups within pennycress accessions was examined with Bayesian clustering utilizing Markov Chain Monte Carlo (MCMC) algorithms. This analysis was implemented using the admixture model of STRUCTURE v2.3.4 [34] . All 121 accessions were tested using K = 2 to 10, where K is the number of population groups tested, with 10 runs per K value. Each run consisted of 30,000 initial burn-in iterations and 100,000 MCMC iterations. The admixture model and independent allele frequencies were used without including any prior information on the origin of each accession. The most probable value of K was determined based on the deltaK method of Evanno et al. [35] as implemented in Structure Harvester web v0.6.94 [36] . Results from the individual runs were aligned with CLUMPP v1.1.2 using the Greedy algorithm [37] .
Principal components analysis (PCA) was used to further analyze genetic structure and evaluate patterns caused by growth habit or geographic origins. SNP data was first converted to numeric classes and PCA was implemented in the population stratification workflow in JMP Genomics 9 (SAS, Cary, NC, USA). Briefly, SNP data were used to calculate principle components, and a scree plot was used to determine the number of useful principal components (data not shown). The first two principle components were used to determine if clustering due to geographic origin was present. Differences between winter and spring growth habits were then tested by subjecting each growth type to PCA.
Minor allele frequency (MAF) was determined using the Basic Genetics workflow in JMP Genomics 9 and used to examine the occurrence of unique alleles in groups of pennycress accessions. Pairwise genetic distance was used to evaluate the amount of genetic diversity present in the pennycress collection and was calculated using the package 'ape' in R v 3.4.1 as per Poets et al. [38] [39] [40] . The genetic distance matrix was then utilized to calculate a phylogenetic tree using the R package 'phylogram' [41] .
Results
Germplasm and Genotypic Data
The 121 accessions in the study consisted of 80 winter annuals and 41 spring annuals. Latitude of the original collection locations ranged from 51 • S to 55 • N, however, most collections were made in latitudes ranging from 38 • to 49 • N. Seven collections were made in Europe, seven in Armenia, and one in South America. The remaining accessions were collected in North America, including 23 in Canada and 83 in the United States.
Across the 121 accessions, we obtained 9177 SNPs after filtering for quality parameters. SNPs were obtained by aligning raw reads of each accession to the draft pennycress genome [11] . Further filtering based on LD and associated parameters as described in the methods resulted in 3947 SNPs. The number of polymorphic SNPs were then evaluated for different geographic groups and winter and spring annual growth habits. Of the 3947 SNPs, 851 and 875 segregated in Canadian and European accessions respectively. The seven Armenian accessions hosted 1750 polymorphic SNPs while 2603 polymorphic SNPs were present in accessions collected in the United States. Eighty-seven percent of SNPs (3433) were polymorphic in the winter annual accessions, while only 36% (1438 SNPs) were polymorphic in the spring annual accessions.
Bayesian Clustering (STRUCTURE) Analysis
Estimation of population structure across all pennycress accessions revealed a maximum K value at K = 2 using the DeltaK method [29] , and a second, smaller peak was detected at K = 4 ( Figure S1 ). At K = 2, the pennycress accessions were divided into Armenian and non-Armenian groups except for one accession that appeared to be admixed between the two groups (Figure 1 ). At K = 3, the non-Armenian accessions are divided into two populations (Figure 1 ). At K = 4, the Armenian accessions were split into two groups, and the non-Armenian accessions were split into two population groups or were genetically admixed between populations (Figure 1 ). Using a cutoff value of 70% ancestry suggested by Filippi et al. [42] to determine the population assignment, 96 of the accessions were attributed to a specific population while 25 were classified as admixed at K = 4. The two Armenian groups consisted of four and two lines respectively. The third group contains 48 accessions originating mostly from Canada and the upper Midwest U.S. (Minnesota) with a few accessions collected in Montana, Colorado, and Europe. The fourth group contains 44 accessions originating from Europe, the Midwest USA (Iowa, Illinois, and Nebraska), as well as most accessions collected in the Rocky Mountain region of the USA (Table S1 ). At K = 5, 40 accessions were considered admixed, and no valuable information on population structure was gained.
To confirm the two separate groups of non-Armenian accessions, all Armenian accessions were removed from the dataset, and the remaining lines were subjected to STRUCTURE analysis. The maximum K value was detected at K = 2. Population assignment of the 114 non-Armenian accessions was nearly identical in both analyses with only five differences in population assignment ( Figure S2 ). The five differences were mainly in the assignment of an accession to a population group versus defining it as admixed. No differences in grouping between winter and spring annual accessions were observed in any STRUCTURE analysis. Population structure was estimated using the STRUCTURE admixture model at K = 2, 3, 4, where K is the number of populations. Each accession is represented by a vertical line, which divided into K colored segments proportional to the likelihood of membership in each population. Populations are labeled below the plot. Accessions with less than 70% membership in a population are considered admixed and are not labeled.
Principal Component Analysis.
Principal component analysis was first deployed on all pennycress accessions (Figure 2A ). The first principal component (PC) divides Armenian accessions from all other accessions and explains 17.5% of the total variation. The second PC explains 10% of the total variation, however, the large cluster is difficult to visualize due to the large effect of the Armenian accessions on PC 1. Therefore, the Armenian accessions were removed from the dataset, and principal components were recalculated for the remaining accessions ( Figure 2B ). After removing the Armenian accessions, the first two PCs cumulatively explain 18.4% of the remaining variation. The first principal component divides STRUCTURE population 2 from STRUCTURE population 4. Some clustering according to the geographic location of the original collection was present. The non-Armenian lines were further divided into winter and spring annual growth habits and subjected to PCA (Figure 3 ). Spring annual pennycress accessions clearly cluster based on latitude of the collection site, however, European accessions from similar latitudes are divided from North American accessions by the first principal component ( Figure 3A ). Only two winter annual accessions were collected from above 50° North latitudes. However, the first principal component still divides collections made in higher latitudes (above 45° N) from those made at lower latitudes ( Figure 3B ). 
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Population Genetic Diversity and Pairwise Comparison of Genetic Distances
Minor allele frequency (MAF) for the 3,947 filtered SNP loci in this study averaged 0.075. The proportion of MAF less than 0.05 was 62.1% while the proportion of MAF greater than 0.4 was 2.7%. Mean pairwise distance across all unique pairs of accessions was 0.122 (Table S3 ). Pairwise distances were then calculated within the spring and winter annual subsets. Mean pairwise distance for all unique spring pairs was 0.094, while mean pairwise distance for all unique winter pairs was 0.134. Pairwise genetic distance between Ames32757 and its sib line was 0.008 while the distance between Ames32239 and its sib line was 0.089 (Table S3 ). Average within population genetic distance tended to be low, ranging from 0.043 to 0.11 (Table 1) . Genetic distance was highest between the Armenian and non-Armenian populations P1 and P3 vs P2 and P4 (0.3-0.4), and average genetic distances between the two non-Armenian populations P2 and P4 was low (0.11). The genetic distance matrix was used to develop a phylogenetic tree for all 121 pennycress accessions ( Figure S3 ). Phylogenetic grouping largely matched the population groups identified through STRUCTURE analysis of four population groups in Figure 1 . 
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Discussion
This study is the first report of genome-wide marker analysis of genetic diversity and population structure in a large collection of Thlapsi arvense. As a new oilseed crop species, it is critical to understand the genetic diversity available for breeding and effectively manage the accessions available in collections to utilize and preserve valuable diversity. The accessions included in the study were identified in the wild and show such traits as pod shatter, dormancy, and non-uniform germination [43] , suggesting that no domestication pressure had been applied to these lines prior to collection.
Pennycress was likely introduced to the United States by European immigrants in the last 100-250 years [1, 6] ; therefore, we expect ancestral relationships between the North American and European lines. Indeed, we found that each population as determined by STRUCTURE analysis contains one or more European accessions (Figure 1 and Figure 2B ). Other introduced weedy species such as Arabidopsis, Ambrosia artemisiifolia L., and Allaria petiolata have also shown significant population structure based on collection site and genetic ties to ancestral populations in Europe [44] [45] [46] .
A recent study of Chinese pennycress populations failed to identify population structure due to geographic origins and suggested that because pennycress seed dispersal can occur quickly through animal, water, and human intervention, pennycress populations did not undergo adaptation to a region prior to further spread [22] . Frequent dispersal events could also result in gene flow, creating regions where the populations are admixtures of ancestral populations as evidenced in related Brassica species Arabidopsis thaliana [44, 47] , and Arabis alpina [48] . In the present study, the effect of human intervention on North American pennycress could be represented by the mix of populations and residual effects of admixture present in accessions collected in areas such as popular tourist destinations like the Rocky Mountains and agricultural regions such as the Midwest USA where hay and other agricultural products are regularly transported with minimal containment ( Figure 2B ).
Recent studies in some Brassicaceae species have shown significant correlation between genetic diversity and latitude, with genetic diversity declining at higher latitudes [44, 46, 49] . Here we show that pennycress growth habit and diversity is influenced by latitude, with the reduced polymorphism spring accessions found at higher latitudes while the more diverse winter accessions found at lower latitudes. Despite differences in level of polymorphism, the spring accessions do not form a distinct subpopulation from the winter annual accessions (Figures 1 and 2) . Interestingly, both growth habits co-existed in certain regions such as Saskatchewan, Canada and near the Canadian-U.S. border. Average genetic diversity between winter and spring accessions in these two regions was low (0.033 and 0.053 respectively). This suggests that growth habit could be a strategy for wild-pennycress to survive in changing or harsh climates by ensuring seed dispersal.
Overall, the North American pennycress accessions in this study had lower levels of pairwise genetic diversity than reported in barley (0.25) [40] , but similar to values reported in wild soybean collections [50, 51] . This could suggest that a genetic bottleneck occurred as pennycress was inadvertently introduced to North America [52] [53] [54] . However, due to the limited number of European accessions in this study, we cannot conclusively determine if the overall genetic diversity is lower in North America than in Europe. Further studies that include more European and Asian pennycress accessions as well as collections from other areas of the world will be needed to explicitly compare the global genetic diversity of pennycress and investigate the presence of genetic bottlenecks.
The seven accessions collected in or derived from Armenia were the most diverse lines in the germplasm pool with mean pairwise distances of 0.36 from the other accessions or an approximately 1420 SNP difference between Armenian and non-Armenian accessions (Table S3 ). Unlike accessions from Europe, the Armenian accessions do not cluster with any of the collected accessions from North America, demonstrating that this germplasm has not been introduced into North America. The Armenian accessions do not appear to be morphologically different than other accessions, and successful crosses have been made between several Armenian accessions and MN106, a known diploid North American accession described in Dorn et al. [16] . No indications have been found that these accessions were incorrectly classified as Thlaspi arvense, although some phenotypic differences including larger seed size (hundred seed weight > 0.12 g) and robust growth were observed. These observations, combined with the large pairwise genetic diversity values between the populations (Table 1) , suggest that the Armenian accessions may be useful for increasing genetic diversity of pennycress breeding programs as well as introducing beneficial alleles for traits such as increased seed size and seed yield. Crossing these divergent lines may also generate useful epistatic interactions with the potential to create unexpected but desirable phenotypes [55] . Some population structure exists within the Armenian accessions as evidenced by the STRUCTURE analysis at K = 4 (Figure 1 and Figure S3 ). In this case, two of the Armenian accessions are classified as distinct, and one of these lines showed partial sterility. Further investigation is underway to determine the cause of this sterility and how it relates to the genetic differences and population structure between this accession and other Armenian collections. Proximity to the center of origin in Eurasia could explain the genetic differences between the Armenian accessions and the other accessions studied.
Apart from the Armenian accessions, the pennycress accessions available for breeding reflect somewhat limited genetic diversity as indicated by the low pairwise diversity values both within and between non-Armenian populations. A recent study of agronomic characteristics of pennycress accessions found significant phenotypic variation for seed size (0.097-0.112 g hundred seed weight), oil content (30-33%), and fatty acid profile [20] , however, the range in variation for these traits was relatively narrow. Of the 40 pennycress accessions present in both studies, the average pairwise genetic distance between the accessions was 0.093 (summarized from Table S3 ). No attempt was made to genetically map the phenotypic traits in Altendorf et al. [20] , therefore it is unknown how these phenotypes relate to the genotypes. For future analysis of quantitative traits such as yield or yield components, trait-gene associations could be difficult to dissect if genetic diversity is low [56] .
Additional genetic diversity would benefit pennycress breeding. As a new crop, pennycress may face unforeseen biotic and abiotic challenges, and new collections of wild pennycress germplasm could increase the diversity available for breeding. However, based on the present analysis, the search for diverse pennycress accessions for use in breeding should focus on areas outside of the U.S. and Western Europe. Opportunities for genetically diverse accessions can be found in the Caucasus region of Western Asia or the Fertile Crescent region where pennycress likely originated. Pennycress accessions adapted to high elevations such as those studied in An et al. [22] may also be useful to breeders. Overall, the level of genetic diversity in the pennycress collection suggests that reported efforts such as mutation breeding and gene editing are necessary to rapidly identify more variation for domestication traits such as reduced pod shatter and improved oil quality in pennycress [2, 13, 14] . Traits created through these methods can be introgressed into high yielding pennycress lines developed from wild germplasm, thereby avoiding any genetic bottlenecks that may be incurred due to strict selection for domestication.
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